Nanostructured spinel ferrites have gained a great deal of attention. It comes from the possibility of tuning their magnetic properties by careful manipulation of the synthetic conditions. At the same time, since the nanoparticle (NP) surface is reactive toward many chemical groups, it provides great versatility for further functionalization of the nanosystems. Such characteristics make ferrite nanoparticles excellent candidates for environmental applications. First, the chapter deals with the basics of the synthetic methodologies, functionalization strategies and magnetic properties of nanoparticles, with emphasis on how surface manipulation is reflected in the properties of the materials. Next, we review some of the applications of ferrites as magnetic sorbents for several hazardous substances in aqueous medium and try to systematize the adsorption mechanism as a function of the coating material. Finally, a short summary concerning the main uses of ferrites as magnetic catalysts in oxidation technologies is included.
Introduction
Magnetic nanoparticles (NPs) have been the focus of intense studies, both at the fundamental and at the technological level. Among many promising materials, nanostructured spinel ferrites occupy a special place. These iron oxide-based materials are easy and cheap to synthesize, are stable under a wide range of conditions and some family members present low toxicity for living organisms. Besides, due to their high reactivity toward several organic groups, ferrite surface offers a great versatility for ligand functionalization, which in many cases defines the ultimate application. In addition, one of the most prominent properties of spinel ferrite NPs is the onset of superparamagnetism. This phenomenon is a crucial feature for several biomedical applications [1] , catalytic processes [2, 3] and environmental remediation strategies [1, [4] [5] [6] [7] . Currently, there are available in the literature several extensive reviews covering these issues in detail [8, 9] . In this chapter, we focus primarily on adsorption and oxidation technologies for water decontamination using nanostructured spinel ferrites where particle functionalization plays a major role. In particular, we focus on basic topics concerning spinel ferrite NPs with an emphasis on the surface manipulation by chemical methods and how it is reflected in the properties and performances of the ultimate nanomaterial. Also, attention is paid to the machinery that governs the adsorption process in order to try to systematize the available data. Every step in this direction is aimed to improve and design newer and better solutions for the great challenge of water remediation.
Structural and magnetic properties
Spinel ferrites are mixed valence oxides where oxygen anions form a close-packed cubic array, while metallic cations occupy randomly one-eighth of the tetrahedral (A) sites and one-half of the octahedral (B) interstices. This family is classified into the Fd3m space group with the general formula ½M ð1ÀiÞ Fe i A ½M i Fe ð2ÀiÞ B O 4, where M (Fe, Ni, Mg, Mn, Zn, Co, etc.) is a divalent cation that shares with Fe(III) cations the occupancies of A and B sites, while i is defined as the inversion parameter. There are three possibilities [10] : (i) i = 0 yields a normal spinel such as ZnFe 2 O 4 ; (ii) i = 1 yields an inverse spinel such as Fe 3 O 4 and CoFe 2 O 4 and (iii) for 0 < i <1 cations are distributed on both sites yielding a partially inverted spinel such as MnFe 2 O 4 in which i = 0.2. In addition, it is possible to synthesize mixed ferrites in the sense that different divalent cations could coexist in the same compound [11, 12] . All these possibilities open an amazing range for tailoring different properties [11, 13] .
In the spinel structure (left panel of Figure 1 ), magnetic moments of sublattice A are coupled with magnetic moments of sublattice B in an antiferromagnetic fashion by superexchange interactions mediated by the oxygen anions [14] . Since spins in both lattices are generally uncompensated, the resulting net magnetic moment causes the material to display ferrimagnetic behavior [10] . As can be inferred, either the type of divalent ion or the average ion distribution plays a critical role in the magnetic properties of the material. This effect can be illustrated by varying the Zn content in the mixed Zn x Fe 3Àx O 4 ferrite [11] in which Zn 2+ presents a zero magnetic moment (μ = 0) and a high tendency for tetrahedral A sites. In the interval 0 < x < 0.4, the saturation magnetization (M S ) increases as x increases, since the antiferromagnetic A-B interaction is progressively weakened, thus enhancing the net magnetic moment in sublattice B (see the right panel of Figure 1 ). However, for values of x near 1, A-B interactions are no longer dominant, but the magnetism now depends on the very weak B-B interactions, thus leading to a marked decrease of M S , which becomes zero at x =1. Figure 1 . Left: Representation of a partial spinel ferrite unit cell and the ferrimagnetic order of the structure (Reproduced from Ref. [10] with permission of the American Society of Chemistry). Right: Schematic view of the spin organization in sublattice A and B as a function of the content of Zn in Zn x Fe 3Àx O 4 (Adapted from Ref. [11] with permission of Wiley).
Here, K V and K S are the volume and surface anisotropies, respectively. As can be seen, for ultrasmall NPs, the surface term may dominate the total anisotropy of the material.
Superparamagnetism
The product K ef f V is the energy barrier for the coherent rotation of all atomic spins between the two equivalent easy axes of magnetization. As D is decreased, the thermal energy k B T eventually overcomes the energy barrier for a particular size, thus leading to thermal equilibrium of the total magnetic moment of the system. In this state, the resulting H C is zero and the system behaves like a paramagnet but with a huge magnetic moment. For an assembly of noninteracting single-domain NPs, each magnetic moment fluctuates with a relaxation time τ given by the Arrhenius-Néel law [15] :
Here, τ 0 is a characteristic time of the system and the actual magnetic state at a given T depends on the measuring time τ m .I fτ < τ m, the systems are in the superparamagnetic state, and for τ > τ m, the spins appear in a blocked state. The temperature for which τ ¼ τ m is the socalled blocking temperature T B and is given by:
One of the main advantages of ferrites is the possibility for tuning the magnetic properties by varying simply either the divalent cation or the arrangement of the metals into the spinel structure. For instance, in a series of nanoparticle ferrites MFe 2 O 4 (M = Mn 2+ ,F e 2+ ,C o 2+ ,N i 2+ ,Z n 2+ ), Mohapatra et al. [16] couldvaryM S and T B by taking advantage of the differing magnetic moments and spin-orbit coupling strengths of M 2+ cation. Similar conclusions can be extracted from other reports [17] . Likewise, for ultra-small CoFe 2 O 4 NPs, the progressive variation in the inversion index (from a total to a partially inverted spinel) as D decreases is reflected in a decrease in the magnetocrystalline anisotropy and hence, in the H C of the material [18] . In other works, Tahar et al. [13] found that as Zn 2+ substitutes Co 2+ cations in 5-nm-mixed Zn x Co 1Àx Fe 2 O 4 ferrite NPs both H C and T B decrease, in accordance with progressive reduction of magnetocrystalline anisotropy, which is higher for octahedral coordinated Co 2+ cations.
Surface effects
Progressive decrease in NPs' size makes the number of atoms on the surface comparable with the number of atoms in the bulk. For magnetic NPs, this trend lowers M S and increases K eff as D decreases [19, 20] . The decrease in M S is associated with the presence of a magnetic dead layer, occurrence of spin canting or spins glass-like behavior at the surface level. The increase in K eff is associated with the onset of surface anisotropy following Eq. (2) .
The effect of surface coating in order to tune the magnetic properties of NPs is another area of active investigations. The adsorption of organic ligands could alter the particle size distribution, the interparticle interactions and the spin canting at the surface [21] . The overall effect seems to be the result of a complex interplay between the coordination mode, the capping density and the surface disorder in the synthesized sample [22] . In a careful study of adsorption of stilbene carboxylates and phosphonates as capping agents of 39 nm Fe 3 O 4 NPs, Daou et al. [23] reported that carboxyl ligands tend to enhance spin canting at the surface of the oxide, leading to M S reduction; on the other hand, phosphonate ligands seem to mimic the iron coordination in the bulk, hence, M S of the NPs is unaltered as for uncovered Fe 3 O 4 . However, a direct correlation between magnetic measurements and the nature of the coordination bonding at the organic-inorganic interface is still needed. Regarding the important case of carboxylates, Odio et al. [24] found that spin disorder is larger in chelating than in bridging complexes; it suggests that occurrence of this last geometry makes possible the partial reconstruction of the crystal field of iron ions in the bulk phase. In another report, Aslibeiki et al. [25] noted that tetraethylene glycol ligands attached to Fe 3 O 4 surface also contribute to decrease the surface spin disorder. Similarly, Jia et al. [26] noted that in Co-and Ni-mixed ferrite with SO 4
2À
attached to the surface, M S values increase with the content of superficial anions. In contrast, adsorption of carbonyl groups belonging to poly(vinyl pyrrolidone) (PVP) capping chains of Mn ferrites seems to decrease M S values [27] .
In an interesting paper, Vestal and Zhang [28] performed a systematic study of the correlation between the nature of the capping ligand (substituted benzenes) and the magnetic properties of MnFe 2 O 4 ferrites with different particles' diameter. They found that for very small NPs (4 nm), H C is reduced by ligand interaction with respect to the uncovered ferrite, while M S is enhanced. Such behavior is consistent with the fact that metal-ligand interactions at the surface reduce K S , leading to a reduction of H C , and at the same time, they induce spin order at the surface. Furthermore, the authors showed that the higher the crystal field splitting energy of the surface complex, the smaller the magnitude of the spin-orbit interaction parameter and hence, the smaller the K S value. The fact that such trends are less pronounced for larger particles (12 nm and 25 nm) reveals the importance of surface effects in H C and M S of singledomain NPs. This point has been verified in other reports [16, 29] . Besides, the contribution of K S to K eff is revealed when comparing the H C variation of MnFe 2 O 4 and CoFe 2 O 4 particles with the same diameter and organic ligands: in the case of Co ferrite, the larger magnetocrystalline anisotropy masks K S variation, leading to nearly unchanged values of H C [30] .
Magnetic interparticle interactions
The presence of magnetic interactions between particles has a great influence on superparamagnetism [31] [32] [33] . This effect alters the energy barrier for coherent rotation, which is no longer governed by only anisotropic contributions. The system becomes very complex and results in the difficulty to separate the contributions of different factors [34] . For ferrite NPs, the ordinary kinds of magnetic interactions are dipolar-dipolar and direct exchange interactions between spins at the interface of particles in close contact [35] . The first contribution is almost ubiquitous in any system, given its anisotropic and long-range nature, which could favor either ferro or antiferromagnetic alignment of the spins. The minimization of such an effect can only be achieved in samples where individual particles are well separated from each other, either by steric or by coulombic repulsions [25, 36] . The dipolar magnetic field generated by a single spherical particle is proportional to its volume; hence, the effect is more pronounced for large particles. In that case, the magnetic energy between two spheres decays with d À3 , but smaller systems in the superparamagnetic state (where moments fluctuate) partially destroy the order induced by dipolar interactions, and hence, the energy associated decays with d À6 .In the limit of strong interactions, particles do not relax according to their own energy barrier, but the magnetic evolution depends on the energy of the whole ensemble [22, 34, 36, 37] .
In the presence of interparticle interactions (IPI), Eq. (4) for T B is modified to [38] [39] [40] :
Here, T o <T B is a measure of the strength of the IPI in the system. To determine T o , T B needs to be measured at several different measuring frequencies f m =1 / τ m. The presence of IPI is also determined by the quantity
being the difference in T B determined at two sufficiently different measuring frequencies f m (2) > f m (1) [41] . The magnitude of Φ < 0.13 signifies the presence of IPI with its strength increasing with decreasing magnitude of Φ: In a recent paper [42] , Φ and T o have been shown to be related by the equation:
In Eq. (6), Φ 0 ¼ 2:3026=fln½f 0 =f m ð2Þg. As noted above, measurements of T B at several different frequencies are essential in order to determine K eff since f o and T o must also be determined simultaneously [40] .
Synthesis
Synthesis of spinel ferrite NPs is a challenging task owing to their colloidal nature. A good methodology must yield well-dispersed particles with uniform size and good crystallinity; besides, it is desirable that the synthetic setup allows for the tuning of structure and properties of the materials by simple modification of the conditions. Other important features entail the use of nontoxic reagents, low-temperature processes and the requirement of simple scalable operations. The procedures for the synthesis of ferrite NPs are given in several reviews [2, 8] .
Here, we outline some of the most common examples.
Co-precipitation
Co-precipitation is straightforward and efficient and can be extended for a wide variety of simple and mixed ferrites [12, 43, 44] . This method, developed by Massart, consists of the joint precipitation of an aqueous solution containing inorganic salts in the proper stoichiometry by increasing the solution pH. Ageing of the resulting particles can be assessed at room or higher temperatures. By changing experimental conditions (e.g., concentration of metal precursors, pH of the final solution, anion of initial salts, reaction time, reaction temperature and ionic strength), it is possible to obtain a wide variety of particle sizes and shapes [45, 46] . The main drawback relies on the difficulties for a proper separation of nucleation and growth stages, which leads to relative broad size distribution [45] . Besides, in some instances, the resulting powder is subjected to thermal annealing to enhance crystallinity [12, 43] .
Nucleation and growth of NPs can be affected by the addition of surfactant molecules like sodium dodecyl sulfate [47] , poly(acrylic) acid (PAA) chains [48] and hexadecyl trimethylammonium bromide (CTAB) [49] . Variations in the surfactant content give rise to different particle sizes and morphologies of the as-synthesized material. Other employed additives aiming to decrease the particle size dispersion are polymeric matrices like cellulose [50] and chitosan [51, 52] . A similar approach entailed the use of graphene oxide (GO) during the coprecipitation step. After the formation of the ferrite/GO composite, GO is reduced to yield porous nanocomposites containing superparamagnetic ferrite NPs and reduced GO (rGO) is used as a functional material. The resulting material possesses high surface area since rGO avoids ferrite particle agglomeration. Ni, Co and Mn ferrites/rGO nanocomposites have been synthesized with this strategy [53] [54] [55] . Alternatively, some investigations have reported the use of organic amines, which can act as precipitating and stabilizing agents [17, 56, 57] . Alkanolamines limit and control the particle growth by forming surface complexes with M 2+ cations resulting in a marked reduction in Co ferrite size as compared when using NaOH [56] .
Thermal decomposition
This method utilizes thermal decomposition of organic metal complexes in a high boiling point solvent and in the presence of a surfactant. This approach yields monodisperse highly crystalline NPs and allows for the fine-tuning of NP size and morphology by controlling several parameters like the solvent nature, kind and concentration of surfactant, aging temperature and reaction time. The typical setup with oleic acid (OA)/oleylamine (OAm) as surfactants can be used to obtain (Zn x M 1Àx )Fe 2 O 4 (M = Fe 2+ ,Mn 2+ ) mixed ferrites with different Zn contents as the doping cation [11] . OAm is believed to assist OA deprotonation, which promotes the formation of iron carboxylates at the NP surface [58] . In a systematic study, Mohapatra et al. [16] have reported the synthesis of MFe 2 O 4 (M = Mn 2+ ,C o 2+ ,F e 2+ ,N i 2+ ,Z n 2+ ) NPs using chloride salts as precursors and OAm acting as a solvent, reducing agent and stabilizing surface capping agent. By decreasing the amine content, it was possible to obtain uniform NPs with D values between 2 and 9 nm. OAm chains seem to control the growth process: high concentration enables an extended coverage of the initial nuclei, which hampers a fast growth and leads to uniform small NPs.
In an important report on the synthesis of Fe 3 O 4 and other ferrite NPs, Hyeon et al. [59] used iron(III) oleate as an organometallic precursor with the purpose to avoid environmental harmful reagents like Fe(CO) 5 [60] and Fe[acac] 3 [61] . Also, there is no need for external reducing agents and extra surfactant stabilizers [36, [61] [62] [63] . The authors obtained high yields of wellcrystallized monodispersed NPs with D values ranging from 9-22 nm by varying the solvent boiling point. Moriya et al. [64] introduced an interesting approach in which a pre-synthesized trimetallic complex containing two Fe 3+ cations and one divalent cation (Fe, Co, Mn) is decomposed in dibenzyl ether in the presence of benzylic acid (BA). The resulting nanocrystals showed uniform size with variable shapes (from truncated octahedrons to cubes) that can be tuned as BA concentration is increased; the nature of the weak intermolecular interactions between adsorbed BA molecules seems to play a key role to bring about the final morphology.
One drawback of the thermal decomposition method is that the as-synthesized ferrite NPs do not disperse in water due to the hydrophobic surfactant adsorbed onto the surface, which leads to further phase transfer steps. To obtain directly water-soluble NPs, the groups of Li [29] and Verma [58] introduced a variation in which 4-5 nm Fe and Co ferrites are obtained through the decomposition of metal acetylacetonates in the presence of pyrrolidones that act either as solvents or as hydrophilic stabilizing agents.
Polyol method
This is a variation of the thermal decomposition in which a given polyol acts as a high-boiling solvent, reducing and stabilizer agent. Metal precursors are generally organic complexes like acetylacetonates and other carboxylate complexes [65] . Given that the reaction mixture is refluxed at the boiling point of the polyol, changing either the kind or concentration of the polyol leads to different particle D values [66] [67] [68] , generally between 4 and 15 nm. The obtained NPs have a narrow size distribution and high crystallinity, although particle agglomeration could occur. There is question about the nature of the molecules adsorbed at the particle surface; some authors have stressed that polyol anchoring to the surface occurs through R-O À interactions [69, 70] , but others have claimed that at high temperatures, hydroxyl groups are oxidized to carboxylic acids, which are further adsorbed onto the oxide surface by forming carboxylate complexes [71] . In many applications, there is no need for further treatment, since the NPs are stable in polar solvents [71] ; however, in order to increase water stability and avoid particle aggregation, several polymers can be added to the reaction mixture like PVP and poly(ethylene imine) [67] . Many approaches also include functional materials like carbon nanotubes (CNT) in order to yield magnetic composites with enhanced properties [72] . This method has been used for Fe 3 O 4 as well as for other nanospinels such as Co and Zn ferrites [13, 18, 70, 73 ].
Hydrothermal and solvothermal synthesis
Hydrothermal methodology consists of the formation of an aqueous (or aqueous-alcoholic) solution of the metal salts followed by the addition of a base until basic pH is reached. The resulting mixture is then transferred to a pressurized autoclave and subjected to T > 180 C for many hours. The mechanism involves the initial formation of metal hydroxides, which are oxidized and converted into the crystalline spinel ferrite due to the thermal treatment at high pressures. The resulting NPs have high crystallinity and an acceptable narrow size distribution. Particle size and shape can be effectively tuned by varying the metal concentration, solvent composition, temperature and reaction time. The addition of surfactants like CTAB [74] and poly(ethylene glycol) (PEG) [75] can change the shape of NPs and aid to control the growth and avoid agglomeration. This method can be adapted for the in situ synthesis of ferrite composites with functional materials like rGO [76, 77] ; after base addition, metal hydroxides are adsorbed onto GO, and both spinel crystallization and GO reduction (by the action of supercritical water) occur during hydrothermal treatment. As a result, the size of near-spherical Zn ferrite NPs decreases as the GO content increases. On the contrary, the absence of GO sheets yielded NPs with a rod-like shape [78] . An alternative procedure by Komarneni et al. [79] involves hydrothermal treatment under microwave radiation, leading to a drastic reduction in reaction times to just few minutes; this approach was useful for many ferrites.
Solvothermal synthesis can be understood as a modified hydrothermal process where water is replaced by an organic solvent. For instance, n-octanol along with sodium dodecylbenzenesulfonate has been employed for the preparation of mixed ferrite NPs of Ni and Co with several compositions and varying sizes (7-16 nm), which was tuned as a function of the reaction time [26] . OA can also be used as a steric stabilizer in the reaction mixture using n-pentanol as a solvent [22] ; increasing OA content decreases D from 19 to 5 nm and changes the particle morphology from nanoplatelets to well-dispersed nanospheres. Other approaches reported the use of diol molecules as solvents [25, 80, 81] . Bastami et al. [80] introduced PEG and PVP as polymeric surfactants, which bind preferentially at the surface of the near normal (i =0 . 2 ) MnFe 2 O 4 spinel ferrite compared to the inverse spinel Fe 3 O 4 NPs synthesized similarly. As a consequence, an increase in D was noted for magnetite relative to Mn ferrite. Such behavior can be rationalized by taking into account the larger content of highly reactive Fe(III) species in octahedral coordination in the normal ferrite. The same procedure has been used for including GO in the reaction mixture [81] ; since polyols can act as reducing agents under these conditions, the simultaneous reduction of GO and the formation of ferrite NPs are verified. Other methods used for synthesizing ferrite NPs include sol-gel [28, 82, 83] , micro-emulsion [10, 36, 84] , biogenic [85, 86] , auto-ignited combustion [87] [88] [89] , electrochemical [90] and mechanical [91] methods.
Functionalization
Surface functionalization of nanostructured ferrites is a crucial step in the design of nanodevices for many applications since proper functionalization determines the final use and allows control over the physico-chemical processes at the surface, thus tuning several magnetic, optical and electrical properties in the desired direction. Although several synthetic methods allow in situ functionalization of obtained ferrite NPs, this approach is not always enough, and postsynthetic surface functionalization becomes necessary. For example, biomedical and environmental applications require hydrophilic NPs with definite chemical groups. The crucial feature that allows for surface functionalization is the availability of superficial transition metal d orbitals acting as Lewis acids in the presence of donor ligands. Fortunately, spinel ferrite surface is reactive toward many chemical groups, which provide room for multiple combinations. Ligands comprise many low and high molecular weight compounds [92] ; functional groups available for surface complexation include carboxylic acids [93] [94] [95] , amides [27, 29] , hydroxyl [70, 96] , phosphonic [73, 97] and hydroxamic acids [73] .
There are mainly three approaches to make hydrophilic functional NPs: (i) ligand exchange reaction, (ii) silica coating and (iii) polymer coating. Ligand exchange reactions effectively transfer hydrophobic particles to aqueous medium by the replacement of hydrophobic ligands with hydrophilic ones, without affecting the magnetic core considerably. However, for some applications, magnetic NPs can also be transferred from polar to nonpolar mediums [98, 99] . Small ligands stabilize the NPs mainly by coulombic repulsion of ionized groups, like quaternary ammonium cations and carboxylates [100] ; charged groups not only stabilize the magnetic suspension but also reinforce water affinity by facile solvation. Conversely, macromolecular ligands stabilize NPs by interparticle steric repulsions due to extended conformations that they can adopt in contact with good solvents [101] . In cases when the polymer carries ionisable groups, as PAA [34, 93, 101] , coulombic repulsions enhance their capabilities as a stabilizer.
Silica coating has the advantage that provides excellent chemical stability to the magnetic core while preventing magnetic interactions, which is traduced into colloidal stability. Following the hydrolysis-condensation method established by Stöber [102] , it is possible to achieve silica shells with controlled thickness by careful addition of tetraethyl orthosilicate (TEOS) to the NP dispersion without the appearance of individual silica particles, which in turn allows for a finetuning of magnetic interactions [103] . Furthermore, silica coating can be functionalized with several organosilanes containing suitable groups like -SH [104] [105] [106] and -NH [105] , as depicted in Figure 2 .
Two main routes for polymer coating of NPs [107, 108] are: (i) functionalization of the NP surface with a molecule that acts as an initiator for further interfacial-controlled polymerization [109, 110] and (ii) synthesis of the polymer as the first step followed by surface anchoring [111] [112] [113] [114] . The latter is simpler and allows for a wide variety of macromolecules, provided they bear suitable functional groups for surface binding. The former, although more laborious, has the advantage that it is possible to control the surface density of the grafted polymer and the length of the growing chains [115] . A shortcoming concerning macromolecular coating of magnetic NPs emerges when high mass magnetizations are required. Since polymers do not contribute to magnetization, mass magnetization of highly functionalized NPs drops noticeably, and so they might disable the whole system.
Conjugation after primary NP synthesis and water stabilization constitutes the final step prior to environmental and biomedical applications. It affords the ultimate precise chemical functions. Several strategies have been reported to achieve this goal entailing many known organic reactions [107] . For example, Zhao et al. [116] obtained hydroxamic acid-decorated Fe 3 O 4 /poly(acrylamide) (PAM) nanocomposites by treating the amide bonds with hydroxylamine solution and Zhao et al. [117] introduced amine groups by reacting ethylenediamine with a polymer containing epoxy moieties previously attached to Fe 3 O 4 NPs. A very similar approach was employed in order to obtain thiol groups by adding NaSH to episulfide moieties [118] . Amide and ester formation are nice strategies to achieve NPs conjugation; in these reactions, carbodiimides are used as effective coupling agents. Following this strategy, Ren et al. [119] incorporated EDTA ligands to Fe 3 O 4 @SiO 2 @chitosan particles through amide bonds between EDTA -COO À moieties and -NH 2 groups in chitosan shell (see Figure 3 ), while Ge et al. [120] incorporated a polycarboxylic acid into amine-decorated magnetite. Rare sulfur-containing functional groups have been incorporated from chitosan modification, as is the case of xanthate-decorated magnetite NPs [121] . Thiol-ene reactions have also employed to include phosphonic acid moieties in a thioldecorated nanoplatform [122] ; the kinetics and efficiency of this reaction prevent phosphonic acid depletion due to surface binding. The reaction is depicted in Figure 4 . Coordination reactions like MOF construction have also been developed at ferrite surface. Fe 3 O 4 NPs decorated with carboxyl groups were conjugated with a zeolitic imidazolate framework (ZIF-8) for the adsorption of contaminants [123, 124] . Such MOF was grown in a step-bystep assembly, initiated by the Zn 2+ chelation to the oxide surface through carboxyl groups, resulting in a magnetic core surrounded by the ZIF shell. By varying the number of growth cycles, it is possible to tune the thickness of the MOF shell and hence, the interparticle distance between the magnetic cores. Another inorganic reaction at the interface of magnetic NPs reported recently [125] consists of the deposition of hydrous lanthanum oxide over Fe 3 O 4 @SiO 2 Figure 5 . Two methods for thiol protection. Top: Steric hindrance by surface PEG grafting (Adapted from Ref. [130] with permission of the American Chemical Society). Bottom: Reversible thiol oxidation to disulfide bridges (Reproduced from Ref. [34] with permission of Elsevier).
core-shell NPs simply by adding LaCl 3 at basic pH in the presence of the magnetic material. Nanostructures composed of ferrites and noble metals have interesting and promising optical and magnetic properties; the synthesis of such materials can be easily performed by reduction of the corresponding metal salt in the presence of ferrite NPs [126] .
In the case of surface thiol-decorated nanostructures, special care must be taken, since free thiol groups are prone to be oxidized during the synthetic procedures. For example, several papers have reported the oxidation of DMSA and cysteine to disulfide and sulfoxide compounds in the presence of Fe 3 O 4 NPs [24, [127] [128] [129] ; these undesirable processes not only reduce the effective amount of -SH groups but also could alter magnetite phase. To overcome this drawback, Maurizi et al. [130] grafted PEG chains onto the oxide surface as steric barriers in order to avoid the formation of intermolecular disulfide bridges between adjacent DMSA molecules. More recently, Odio et al. [34] designed a novel PAA copolymer containing disulfide bridges; after Fe 3 O 4 functionalization with this polymer, resulting NPs were treated with tributyl phosphine in order to reduce disulfide bridges to free -SH groups. Both strategies are depicted in Figure 5 .
Coordination chemistry at the surface
Since the nature of the metal-ligand interactions at the interface of the ferrites plays a key role in the properties of NPs, efforts have been devoted to unravel the structure and implications of the surface complexes occurring for different types of ligands. For this purpose, spectroscopic techniques like FTIR, XPS, EXAF and XANES are usually employed [22, 24, 58, 122, [131] [132] [133] . Mössbauer spectroscopy has also been used since iron spectra are sensitive to spin reorganization after ligand binding and to the kind of iron site that participates in the surface complexes [23, 58, 131] .
Specifically, Daou et al. [131] showed that phosphate ligands bind to magnetite surface by forming bidentate binuclear complexes with octahedral Fe(III) cations. In contrast, Costo et al. [21] suggested that phosphonates bind to the surface through mono-dentate ligands. For carboxylates, it is reported that in solvothermal and thermal decomposition methods, OA is anchored to the surface by bridging bidentate complexes [22, 24, 134] , a conclusion supported by a theoretical DFT study showing that the bidentate mode was the most stable configuration of iron-oleate complex no matter the surface plane exposed to the ligand [135] . However, after ligand exchange reactions with other carboxylic acids, carboxylate complexes could form chelates [24, 34, 136] . The use of amine functional groups showed that long-chain amine molecules adsorb at the surface of ferrites by N-metal interactions [16, 137] . In contrast, if both OA and OAm are used in the ferrite synthesis, the mode of coordination of each functional group could depend on the concentration and molar ratio of the surfactants. Thus, if the surfactants are diluted in N-methyl 2-pyrrolidone with a molar ratio 1:1, Verma and Pravarthana [58] suggested by means of IR analysis that OA complexes retain the bidentate mode while OAm molecules appear protonated and associated to the surface through coulombic interactions. However, XPS studies of Wilson and Langell [133] indicated that if the reaction is performed without a solvent and a higher OAm proportion is employed, OAm is anchored to the surface by Fe-N coordination, while OA binds to the surface though a monodentate complex. Using IR studies, alcohols are reported to be anchored to the oxide surface by metal-OH interactions [70] . Besides, ligands with thiol moieties anchor to magnetite surface by Fe(II)-S interactions, as suggested by IR and XPS studies [24, 138] . Finally, cyclic amides like PVP and 2-pyrrolidone seem to interact with ferrite surfaces through the carbonyl groups [27, 29] . Since this subject is not yet completely understood, computational methods are likely necessary to unravel the structural and electronic properties of surface complexes.
Environmental applications
In this section, we focus on two applications of nanostructured spinel ferrites for environmental remediation technologies in connection with water decontamination: adsorption and oxidation technologies.
Adsorption technologies for removal of inorganic and organic contaminants
Adsorption is often the most suitable choice for removal of toxic substances in drinking or waste waters, mainly due to its simplicity and high efficiency; the main disadvantage is the sorbent separation after the adsorption process, which can become tedious and energy consuming. However, the use of magnetic materials for adsorption makes the task of sorbent separation easier by allowing magnetic decantation with a permanent magnet. The high surface area of ferrite NPs along with their room temperature superparamagnetism and the great versatility for binding specific functional groups on their surfaces for specific contaminants makes them ideal candidates for the design and development of innovative adsorption strategies. Although several recent reviews covering this subject are available [6, 7, 139, 140] , these have generally focused on the thermodynamics and kinetics of the adsorption process and relatively less attention has been paid to unravel the atomic and molecular nature of the interactions occurring at the interface. Although this is a difficult task, this information is crucial for the improvement and optimization of the nanoadsorbent.
Heavy metal cations
Heavy metal cations, found in natural and waste waters resulting from industrial activities, comprise a wide family of hazardous substances with a high impact on human health [141] . Here, we concentrate on those reported studies with a focus on two directions: (i) improving the adsorption capacity and/or selectivity toward a given contaminant by surface functionalization of ferrite NPs and (ii) shedding light on the adsorption mechanism at a molecular and atomic level.
Amine-functionalized nanosystems
Fe 3 O 4 NPs functionalized with several amino-containing polymers were tested as Cr(VI) and Cu(II) sorbents in aqueous medium [142] , showing the increase of adsorption capacity for both cations with the number of -NH moieties in the ligand incorporated to the magnetic nanoplatform. Adsorption and spectroscopic data suggested that metal removal involves coulombic interactions, ion exchange processes and formation of complexes between amine groups and metal ions, although the structure of such complexes was not revealed. Similar results were reported by Huang and Chen [113] , in which Fe 3 O 4 @PAA NPs decorated with amine groups were proved as a good adsorbent for several heavy metals with positive and negative charges; based on pH studies, authors suggested that cations are adsorbed through chelate complexes while anions are incorporated after ion exchange mechanisms. New insights about Cr(VI) adsorption with an amino-decorated magnetic sorbent were reported by Zhao et al. [143] . This approach comprises nanocomposites of Fe 3 O 4 and amino-functionalized GO sheets. Based on XPS measurements, authors suggested that after attractive coulombic interactions between chromate species and protonated amino groups, a fraction of Cr(VI) is reduced to Cr(III), which further forms amino-complexes; the source of electron for Cr(VI) reduction is provided by the GO sheets. Without extra evidence, these results should be taken with care because XPS deconvolution was not rigorous.
Amino-functionalized Fe 3 O 4 NPs were tested as a sorbent for Cu(II), Cd(II) and Pb(II) [144] . Adsorption decreased at acid pH values and adsorption capacity for Cu(II) was higher than that for softer Lewis acids Cd(II) and Pb(II). Both results, along with thermodynamic and kinetic data, could indicate the prevalence of coulombic and complexing reactions between surface -NH moieties and the cations. Similar results were presented in other reports [52, 145] . Co-ferrite NPs coated with a polystyrene shell modified with amino and thioether groups were tested for Hg(II) adsorption [146] . Authors proposed the Hg(II) complexation by these functional groups, followed by partial reduction of Hg(II) to Hg(I), although no proof for this mechanism was presented.
Carboxyl-functionalized nanosystems
Several reports have focused on the adsorption of heavy metal cations by EDTA-modified magnetic nanosystems in order to take advantage of the high chelating ability of this multifunctional ligand. The key role of EDTA has been confirmed since the adsorption capacity decreases when no EDTA was used in the preparation of the sorbents. Indeed, Ren et al. [119] noted that the adsorption capacity follows the same order of the metal-EDTA complex stability: Cu(II) > Pb(II) > Cd(II). Similar conclusions are drawn from recent reports [147, 148] in which the formation of metal-carboxylates was verified by means of FTIR measurements. Carboxyl-decorated NPs from acrylic and crotonic acid copolymer were tested for Cu(II), Pb(II), Zn(II) and Cd(II) [120] . Although authors did not show spectroscopic evidences of metal-carboxylates interactions, the maximum adsorption capacity increases with the increase in Lewis acid hardness of the ion tested (Cu(II) > Zn(II) ≈ Pb(II) > Cd(II)). Likewise, Mahdavian et al. [149] studied the adsorption behavior of Pb(II), Cu(II), Ni(II) and Cd(II) with a nanoplatform consisting of PAA chains grown at the surface of magnetite NPs and found that the metal uptake increases with pH, suggesting chelate formation. Other carboxyl-based magnetite NPs for Pb(II) removal can be found elsewhere [150] .
Thiol and other sulfur-containing compounds functionalized nanosystems
Fe 3 O 4 NPs functionalized with a polythiolated ligand was probed as Hg(II) adsorbent [118] . XPS studies supported the occurrence of Hg(II)-S interactions and the simultaneous reduction , which could imply the occurrence of metal-thiol complexes. A similar trend was found in another report [106] .
Fe 3 O 4 NPs functionalized with a copolymer obtained by the partial modification of PAA with thio-salicyl-hydrazide were tested for several divalent cations [153] . This system contains both soft (thiol) and hard (carboxyl and amine) moieties, which might explain the good adsorption properties toward soft Cd(II) and hard Co(II) cations. Regarding Pb(II) uptake, XPS studies confirmed the presence of Pb-S interactions; it is interesting that only one contribution was proposed for the deconvolution of the Pb 4f spectrum, which implies that there is only one coordination environment for Pb(II) cations. The prevalence of Pb-S interactions is coherent with the small interference effect produced by alkaline/earth metals, since these hard cations largely prefer hard ligands.
Surface ion imprinting techniques can also be used for efficient and selective sequestration of heavy metal cations. Guo et al. [154] added Fe 3 O 4 @SiO 2 NPs to a solution containing the Pb-MPTS complex as a template. Condensation of silane groups followed by Pb(II) removal with HCl results in imprinted cavities with the proper thiol configuration ( Figure 6) . This nanosystem was shown to be a good adsorbent toward Pb(II) ions with excellent selectivity over other heavy metals like Cu(II), Zn(II) and Co(II). In this case, selectivity is not only ruled by the chemical affinity between cation and thiols but it also depends on the ionic radius, coordination number and coordination geometry.
Yantasee et al. [155] employed Fe 3 O 4 @DMSA NPs for the removal of several cations, suggesting that metal adsorption was driven by free -SH groups, while -COOH groups were anchored to the magnetic core. However, no evidence regarding either the state of the sulfur before and after metal incorporation or the nature of metal-S complex was presented. Afterward, Odio et al. [24] tested the adsorption capabilities of the same nanoplatform aiming at Au (III). By means of XPS and UV-vis analysis, they found that before adsorption, DMSA ligands are mostly oxidized to disulfide bridges and Au(III) could adsorb onto Fe 3 O 4 @DMSA NPs by three possible ways: (i) chelation with free -COOH moieties; (ii) reduction to Au 0 sub-nanometer clusters triggered by surface Fe(II) oxidation in the bare sectors of the NPs and (iii) extensive reduction to Au 0 nanoclusters in the region covered by the organic ligand, which is caused likely due to oxidation of disulfide bridges to -SOx species. The process is depicted in the upper part of Figure 7 . On the contrary, when Pb(II) was tested with the same material, the results indicated that neither Pb reduction nor Pb-S interactions contribute to the adsorption process, but it is solely caused by the occurrence of chelating carboxylates and oxo-complex at bare sectors [34] . In order to unravel the actual role of both -SH and -COOH functions in the adsorption of hardly reducible divalent cations, the same group studied the adsorption of Pb (II) and Cd(II) by a novel nanoplatform based on Fe 3 O 4 NPs capped with a copolymer with pendant free -COOH and -SH groups [34] ; thiol moieties were protected during the synthesis to avoid oxidation and were regenerated just before the adsorption experiments. A detailed XPS analysis indicated that both metal-carboxylate and metal-thiolate interactions are verified during adsorption. In addition, it was shown that although both cations showed higher affinity to thiols, this tendency was more pronounced for Cd(II), that is, Pb(II) is less selective, in agreement with its borderline softness characteristics. Nevertheless, the actual structure of the surface metal complexes is still elusive.
Other functional groups and particles with a bare surface
Fe 3 O 4 /PAM nanocomposites functionalized with hydroxamic acid moieties were shown to adsorb Pb(II), Cd(II), Co(II) and Ni(II) ions by forming bidentate chelating complexes [116] . The key role of hydroxamic groups was demonstrated, which agrees with the fact that the stability constant of metal-hydroxamic complexes follows the same order as the maximum adsorption capacity. The structure of these surface complexes was determined from IR and DFT studies and the system was selective toward Pb(II) uptake.
Rutledge et al. [122] designed a nanoplatform decorated with diphosphonic acid and thiol moieties for Pb(II), Hg(II) and f-block elements like La(III) and Eu(III) adsorption. Comparison between different adsorption sites suggested that both hard Lewis acid cations La(III) and Eu (III) are efficiently adsorbed by a hard Lewis base as diphosphonate groups, but they are inert toward thiol-mediated binding, in accordance with the soft nature of this Lewis base. However, Hg(II) uptake showed the inverse tendency, being very sensitive to -SH moieties, but a kind of unreactive toward diphosphonate basic functions. On the contrary, Pb(II) did not display such selectivity toward a particular functional group, but it showed a synergic effect upon ion uptake. The same behavior for Pb(II) was mentioned above: the fact that Pb(II) cation can bind a wide variety of hard and soft ligands is related with unique electronic properties steaming from relativistic effects [156] . Further theoretical and experimental investigations on this issue are still needed.
Given that surface magnetite NPs biosynthesized by microorganisms are richer in Fe(II) content with respect to stoichiometric Fe 3 O 4 , this biomaterial has been tested for the adsorption and reduction of toxic oxyanions containing Cr(VI) and m 99 Tc(VII) [85] . Results confirm that biomagnetite is a better absorber compared to a commercial magnetite of similar size, and the removal capacity changes with the particular iron substrate that was used for bacteria culture. The adsorption-reduction mechanism of chromate anions was studied by means of XPS and Xray magnetic circular dichroism (XMCD). Authors suggested that after the fast electron transfer reactions between Cr(VI) and surface Fe(II), Cr(III) ions are incorporated into the spinel structure and occupy octahedral interstices, thus forming a layer of ferrimagnetic CrFe 2 O 4 spinel.
Arsenic, phosphorous and fluoride
In a careful spectroscopic study, Liu et al. [157] studied As(V) and As(III) adsorption onto 34 nm magnetite NPs, avoiding the presence of oxygen during the adsorption procedure. After EXAF and XANES analysis, they confirmed that arsenate is adsorbed as a bidentate binuclear corner-sharing complex, while arsenite binds to the surface through a tridentate hexanuclear corner-sharing complex (see the left panel of Figure 8 ). Also important, they noted, based on XPS analysis, that if anoxic conditions are fulfilled, no redox reactions involving arsenic species are verified. This result disagrees with other reports [158, 159] that claimed for redox reactions Figure 8 . Left: Geometry of surface complexes during As(V) and As(III) adsorption onto magnetite surface in anaerobic aqueous medium. Right: possible redox reactions occurring at the As-Fe 3 O 4 interface when exposed to air (Reproduced from Ref. [157] with permission of the American Chemical Society).
during adsorption and generates a reasonable doubt about the role of the magnetite surface in the arsenic redox processes. On the contrary, after exposure of the adsorbed material to aerobic conditions, XPS analysis showed substantial amounts of As(V) in the As(III)-treated NPs and As (III) in the As(V)-treated NPs. In both samples, the Fe(II)/Fe(III) molar ratio was less than 0.5, denoting Fe 3 O 4 oxidation to γ-Fe 2 O 3 . As(III) oxidation to As(V) can be caused by oxygen contact. On the other hand, As(V) reduction to As(III) was explained assuming that during magnetite oxidation, an electron flow from the core to the surface takes place; eventually, these electrons could cause As(V) reduction. Both processes are depicted in the right panel of Figure 8 .
Zhang et al. [160] employed Fe 3 O 4 /activated carbon fiber nanocomposites for As(V) removal. Based on XPS studies, authors claimed the occurrence of inner-sphere bidentate complexes between the mono-protonated anion and surface oxygen anions from either the magnetite phase or the carbon fibers. In contrast, no redox reactions were claimed. Another carbonaceous material in conjunction with ferrites has also been tested for arsenic removal. Lingamdinne et al. [55] chose 30 nm porous NiFe 2 O 4 /rGO nanocomposites and concluded that the high removal efficiency is due to the extended porous structure of the composite, which favors adsorption. The authors claimed that adsorption involves both electrostatic attraction and surface-complexation reactions, but to our understanding, this issue was not totally clarified.
Another recent report uses Fe 3 O 4 @ZIF-8 as a sorbent [123] . In this case, arsenic adsorption is entirely caused by the ZIF-8 shell, while magnetite core only acts as a magnetic device to remove the contaminant in a facile and efficient way. Alternatively, magnetite particles encapsulated with calcium alginate were tested as an adsorbent for inorganic and organic As(V) species [159] . The authors found that inorganic species are better adsorbed than monomethyl arsenate. Based on IR and XPS measurements, they suggested that arsenic incorporation likely occurs through the partial reduction of As(V) to As(III) species and the oxidation of both alginate and magnetite. However, spectroscopic studies were not conclusive.
A recent report from Penke et al. [161] deals with As(III) and As(V) adsorption onto 20-30 nm Al-substituted NiFe 2 O 4 NPs. Based on Raman, FTIR and XPS studies, the authors proposed that both species are adsorbed onto the ternary oxide surface through inner-sphere complexes.
In addition, redox reactions between the spinel and arsenic species were claimed. However, this report does not clarify either the geometry of the formed surface complexes or the nature of the implicated redox reactions, although it showed that the replacement of Fe(III) cations by Al(III) cations enhances the adsorption properties of the oxide due to an increase in the number of surface hydroxyl groups. Similar conclusions were drawn from the work of Peng et al. [162] . In this case, Fe 3 O 4 @Cu(OH) 2 core-shell nanostructures were tested as adsorbents for As(V). They stressed the key role of surface hydroxyl groups of the copper shell and suggested that arsenate complexes are formed at the surface. However, the proposed complex structure is not rigorously justified. [163] . Based on thermodynamic and kinetic data, authors postulated an ion exchange mechanism.
Dyes
Extensive use of organic dyes has become a serious environmental problem since this family of organic compounds is difficult to decompose and transforms to carcinogenic amines. A series of ferrite MFe 2 O 4 /rGO (M = Mn 2+ ,Ni 2+ ,Z n 2+ ,C o 2+ ) nanocomposites were tested as combined magnetic materials for adsorption and photocatalytic degradation of Methylene Blue (MB) and Rhodamine B (RhB) under visible light [81] (see Section 6.2). Authors devoted the high adsorption capacity and fast removal rate to the large surface area of the material. For this system, though electrostatic interactions cannot be ruled out, dye retention is mainly caused by the rGO sheets, comprising π-π stacking interactions between the aromatic moieties of the dyes and the extended π-conjugated regions in the graphene structure. The same mechanism was claimed earlier using Fe 3 O 4 /rGO nanocomposites for MB adsorption [164] ; this report also tested other materials like activated carbon and multi-walled carbon nanotubes (MWCN).
Cobalt ferrites covered by PEG chains were shown to be good adsorbents for several dyes such as methyl orange (MO), MB and Congo red (CR) [75] . Adsorption data indicate that electrostatic interactions are not the prominent cause for adsorption; instead, H-bonding interactions between -OH groups of PEG and functional groups in the dyes seem to be the responsible cause. The interactions are depicted in Figure 9 . H-bonding has also been claimed as the main interaction of several dyes with naked MnFe 2 O 4 NPs [43] .
In a recent work, Dolatkhah and Wilson [114] functionalized Fe 3 O 4 NPs with chitosan grafted with PAA and poly(itaconic) acid (PIA) chains. This polymeric material displays reversible pH-responsive behavior, which was tested for MB adsorption. As the pH increases, the ionization of the chitosan-grafted acid groups also increases, favoring the expansion of the grafted chains and the ionic interactions with MB, since this dye is cationic. Hence, adsorption is favored. Afterward, the desorption of MB is accomplished simply by acidification until dyesorbent interactions become very weak and the polymeric chains no longer stabilize the colloid, leading to the collapse of the dye-free NPs. The process is represented in Figure 10 . 
Advanced oxidation technology
Advanced oxidation technologies consist of the assisted degradation of a given pollutant by using a source of highly oxidizing transient species. Such species are generally activated by the action of another substance that acts as a catalyst. Since the removal, reuse and toxicity of catalysts are major concerns, investigations have focused on the development of heterogeneous magnetic materials that can activate efficiently the oxidative degradation of the pollutants and at the same time minimize secondary contamination events. Taking into account these requirements, it is not surprising that the growing interest in ferrite NPs is due to the ) that promote the oxidative decomposition of organic pollutants like 2,4-dichlorophenol [167] . The convenience of this ferrite over other cobalt oxides stems from the fact that Fe(III) cations easily cause the hydrolysis of water, leading to surface Fe(III)-OH species that can be further converted into surface Co(II)-OH complexes. In turn, such complexes are the key for the reaction of HSO 5 À to yield the SO 4 À• radicals that promote pollutant decomposition. Besides, CoFe 2 O 4 NPs present other advantages such as no Co(II) leaching and suitable magnetic properties for the easy recovery of the catalyst. CuFe 2 O 4 NPs have also been employed for the HSO 5 À activation in the catalytic degradation of atrazine [168] and tetrabromobisphenol [82] . In both cases, the HSO 5 À decomposition was claimed to be triggered by the cycle Cu 2+ /Cu + [168] . This is in disagreement with the report of Zhang et al. [169] , which assigned the main role to the redox pair Cu 2+ /Cu 3+ . Other oxidation technologies with the aid of ferrite NPs entail the persulfate (S 2 O 8 2À ) [170] and H 2 O 2 [12, 44, 81] heterogeneous activation for the decomposition of a wide range of organic pollutants.
An improvement in the catalytic properties of ferrites can be assessed by using composites with rGO [53, 54, 81] and MWCNs [83] . Such a synergic effect is attributed to the large surface area of the composites and to the electronic properties of these carbon-based functional materials. The proposed mechanism is outlined below [171] . It comprises the initial formation of the electron-hole pair in the ferrite phase by photon absorption (I), followed by the rapid electron transfer reaction from the ferrite conduction band to the rGO sheets (II). H 2 O 2 is then decomposed in the vicinity of the rGO producing highly oxidative •OH radicals (III), which are also formed from the remaining holes in the ferrite (IV). As can be seen, step (II) is crucial for the efficient separation of photo-generated carriers, which is facilitated by the high electron conductivity of the conjugated π structure of the rGO sheets, which inhibits electron-hole recombination [172] . Moreover, •OH radicals are generated close to the rGO-adsorbed target organic pollutants, thus enhancing the decomposition rate. 
Concluding remarks and perspectives
• Synthesis techniques for nanostructured spinel ferrites are available to tune their magnetic properties.
• The nanoparticle surface is able to bind a wide variety of molecules with distinct functional groups that not only contribute to colloidal stabilization but also serve as the starting point for further conjugation steps. Many organic and inorganic reactions can be driven at the surface of ferrites, which allow for the tailoring of specific ligands with the desired binding affinity.
• The combination of these two advantages-tuning of magnetic properties and surface versatility-makes ferrites useful and promising materials for applications where superparamagnetic behavior is required.
• Functionalized ferrite NPs, especially Fe 3 O 4 , are useful for removing a wide variety of heavy metals. In the case of cations, amino, carboxyl and thiol functional groups prevail as preferred candidates for metal uptake, although phosphonic and hydroxamic acids constitute promising ligands. Multifunctional ligands (synthetic and natural polymers) contribute to increase the stability and the adsorption capacity of the sorbent. At intermediate pH values, the tendency between metal-ligand affinities shows that for carboxyl and amino groups, the NPs are more selective toward hard Lewis acids, while for softer ligands like sulfur groups, the tendency is inverted.
• For removing arsenic, additional studies are warranted since controversy exists about the structure of the inner-sphere complexes and the nature of redox reactions at the interface. Also, the use of organic ligands to drive arsenic removal has not been exhausted yet.
• Most adsorption studies are limited to thermodynamic and kinetic analysis and the investigations of metal-binding interactions are supported by phenomenological models. But the mode of coordination and the geometry of the surface complexes are not clear and so detailed spectroscopic studies are still needed. Since this is a tough task due to the inherent difficulties for the achievement of a rigorous surface picture, the use of theoretical calculations could help in this regard.
• Organic dyes are preferentially adsorbed by ligand-decorated magnetic NPs. Composites with functional carbonaceous materials and grafting of smart polymers are promising lines of development.
• Spinel ferrites are useful materials for different advanced oxidation technologies, especially as composites with graphene-based materials due to the electronic and adsorptive properties of these carbon-based functional materials, which enhance the overall efficiency of the process.
